Cytochrome P450 monooxygenases are an important class of oxidative enzymes. In plants they have been shown to be involved in numerous biochemical pathways including the biosynthesis of plant hormones, steroids, lignins, flavanoids, and alkaloids, in addition to metabolism of herbicides and other potentially toxic substances. Their diversity, biochemistry, and molecular genetics in plants have been reviewed extensively (Durst and O'Keefe 1995 , Schuler 1996 , Chapple 1998 , Kahn and Durst 2000 . In addition, David Nelson maintains an up-to-date P450 Homepage at http://drnelson.utmem.edu/ CytochromeP450.html that provides extensive information on this superfamily of genes and the proteins they encode. At the last report 273 cytochromes P450 have been annotated from the Arabidopsis genome (David Nelson, personal communication) .
P450s are typically found in plant microsomal membrane preparations, and are thought to reside mostly in the endoplasmic reticulum (Benveniste et al. 1977 , Benveniste et al. 1978 , Durst and O'Keefe 1995 , Ro et al. 2001 . Almost all have a hydrophobic membrane-spanning domain at the N-terminus. An exception appears to be allene oxide synthase (AOS) which is localized in chloroplasts (Vick and Nimmerman 1987, Blee and Joyard 1996) . This protein also has a hydrophobic region near the N-terminus, but is capped by a region of high content of serine and threonine, which is thought to be a chloroplast targeting peptide (Song et al. 1993) . Very recently Froehlich et al. (2001) provided direct evidence from in vitro chloroplast import assays that AOS and the related P450, fatty acid hydroperoxide lyase (HPL), from tomato are transported into pea chloroplasts. These two P450s are also exceptional among the plant P450s in other ways. Of the 50 families of plant P450s the CYP74 family (AOS and HPL) has been described as the most divergent (Kahn and Durst 2000) . They have very little homology with most of the P450s, even in the most highly conserved regions of the proteins such as the heme binding and oxygen binding motifs. In fact, these are the only two of the 273 Arabidopsis P450s that do not require NADPH nor molecular oxygen to catalyze their reactions. They are, therefore, not monooxygenases.
We have examined the available plant P450 DNA sequences and their deduced amino acid sequences and we find that very few have an N-terminal sequence with a high serine/ threonine content. One of these is CYP86B1, which was sequenced by Nakamura et al. (1997) at the Kazusa DNA Research Institute (KDRI) as part of the international Arabidopsis sequencing project (GenBank accession AB007648.1). From this sequence we postulated that CYP86B1 might be chloroplast localized. Therefore, the goal of this work was to characterize CYP86B1 from Arabidopsis and determine if it is transported into chloroplasts. In this paper we describe isolation of a CYP86B1 cDNA, its overexpression in a bacterial system, and localization of this protein in chloroplast envelope membranes.
A cDNA clone of CYP86B1 from Arabidopsis thaliana (L) Heynh. was isolated from a cDNA library (Giraudat et al. 1992) . The library was probed with the expressed sequence tag (EST) T20562 (clone 88C24T7 obtained from the Arabidopsis Biological Resource Center). T20562 is a 231 bp EST that is identical to the nucleotide sequence of a portion of the CYP86B1 gene. The CYP86B1 gene is located on chromosome 5 of Arabidopsis and is also present on the BAC identified as MKD15 (www.kazusa.or.jp/arabi/). Clones from the secondary screen were excised in vivo and sequenced from pBluescript at the Purdue Center for DNA Sequencing.
CYP86B1 was expressed in E. coli (DH5a) using a pBov vector, a derivative of the vector pCW Ori+ (Barnes 1996) which was modified to include a StuI site for blunt end cloning and a histidine tag for rapid purification (Chapple, unpublished) . PCR with Pfu polymerase (Stratagene) was used to amplify a 1.6 kb fragment of the CYP86B1 cDNA for subsequent expression. Primers were obtained from Operon Technologies (86BOVF -5¢ GTC TTT GTC GCA ATA CAT GCC 3¢; 86BOVR-5¢ ACC CTC ATC AAA AGA CTT GGC 3¢). The temperature program consisted of 30 cycles of 94°C for 1 min, 58°C for 1 min, 72°C for 1 min, and a terminal extension cycle of 72°C for 10 min. The 1.6 kb product was ligated into the StuI site in pBov. The total ligation product was precipitated, resuspended in water and used to transform E. coli.
Colonies were screened for the presence of the insert and its correct orientation by PCR, using CYP86B1-and vectorspecific primers. The clone in the pBov vector was sequenced in both directions to confirm the nucleic acid identity with the original cDNA clone. Cultures of interest were grown in 200 ml TB containing 100 mg ml -1 ampicillin at 28°C and 300 rpm until they reached an OD 600 of 0.5 to 0.8. Expression of CYP86B1 protein was induced by the addition of 1 mM isopropyl-b-D-thiogalactoside (IPTG), in the presence of 0.5 mM g-aminolevulinic acid (ALA). The cultures were grown for a further 24 h, lysed by sonication using a W-225 Sonicator (Heat Systems-Ultrasonics, Inc.), and centrifuged at 10,000´g for 15 min. The supernatant was then centrifuged at 150,000´g for 1 h at 4°C. The 150,000´g pellet was resuspended in 2 ml TSM buffer (50 mM tricine, 250 mM sucrose, 10 mM bmercaptoethanol) at pH 8 and homogenized with at least 20 strokes in a Teflon/glass homogenizer, solubilized by stirring at 4°C in 1% CHAPS and 20% glycerol for 1 h and centrifuged again at 150,000´g for 1 h at 4°C.
Carbon monoxide difference spectra were taken using a dual beam Shimadzu UV2100 spectrophotometer. P450 content was measured on sodium dithionite-reduced samples (Omura and Sato 1962) , using an extinction coefficient of 91 mM -1 cm -1 . Dwarf pea (Pisum sativum L. cv Little Marvel) seedlings were used in chloroplast localization studies. Seedlings were grown for 8-10 d before harvest under a 12 h photoperiod. Intact chloroplasts were isolated on a Percoll gradient as described by Bruce et al. (1994) .
[ (Olsen and Keegstra 1992) were used as chloroplastic outer envelope membrane and stroma markers, respectively. Import experiments with [ 35 S]-labeled CYP86B1, OM14 or pSS were performed as previously described by Bruce et al. (1994) . In addition [
35 S]-labeled CYP73A5, an ER protein marker, was used as a control for targeting specificity (Benveniste et al. 1977 , Benveniste et al. 1978 , Ro et al. 2001 . Briefly, prior to import reactions, chloroplasts were incubated with 6 mM nigericin for 10 min in the dark to deplete internal ATP levels. In each reaction, [
35 S]-labeled protein, nigericin-treated chloroplasts and either 0, 0.1, or 4.0 mM Mg-ATP were incubated in the dark for 30 min at room temperature. Intact chloroplasts were recovered by sedimentation through a 40% (v/v) Percoll cushion. The pellets were resuspended in lysis buffer (25 mM HEPES-KOH, pH 8.0; 4 mM MgCl 2 ), and incubated on ice for 15 min. The total membranes were separated from soluble fractions by ultracentrifugation at 100,000´g. All fractions were analysed by SDS-PAGE (Laemmli 1970 ) and fluorography. Post-treatment of import reactions with Thermolysin was performed for 30 min at 4°C in the dark essentially as described by Cline et al. (1984) . Finally, isolation and extraction of total membranes with high salt and sodium carbonate was performed as described by Tranel et al. (1995) .
Six clones were identified from a cDNA library of Arabidopsis. One of these was sequenced, revealing a coding region of 1,677 bases plus 173 bases upstream from the putative start codon and 293 bases downstream from the stop codon. The sequence of the cDNA was deposited in GenBank (Accession AF345898). An in-frame stop codon (TGA) is present 30 base pairs upstream from the translation start site, indicating a full length coding sequence. This sequence is identical (except for the 502 base pair intron) to the genomic sequence reported by Nakamura (1997) from the BAC identified as MKD15. The sequence of the 559 amino acids in the deduced protein ( Fig. 1) clearly indicates this is a member of the cytochrome P450 superfamily. It contains two apparent hydrophobic membrane spanning domains near the N-terminus, a highly conserved oxygen binding region with conserved threonine and glycine residues, and the heme binding signature motif with its conserved cysteine (see Durst and Nelson 1995) . The unusual feature of this protein is the high serine content in the N-terminal 40 amino acids, one of the most characteristic properties of a chloroplast targeting peptide (von Heinje et al. 1989 ). The chloroplast transit peptide predictive software, ChloroP v. 1.1 (Emanuelsson et al. 1999) , provided by the Center for Biological Sequence Analysis (http://www.cbs.dtu.dk/services/) also predicts that CYP86B1 has a chloroplast transit peptide at its N-terminus with a cleavage site estimated between amino acids 17 and 18. The TMHMM (v. 0.1) software at the same web site predicts two trans-membrane helices from residues 36 to 54 and 61 to 83, with residues 84 to 560 lying outside the membrane.
Total bacterial proteins from cultures containing the pBov expression vector (with and without a CYP86B1 insert) and induced by IPTG were extracted. An induced protein of approximately 64 kDa was solubilized from the membranes by treatment with 1% CHAPS (data not shown). Fig. 2 shows CO difference spectra of membrane-bound proteins and CHAPSsolubilized membrane proteins from bacterial cultures containing pBov:CYP86B1 compared with CHAPS-solubilized membrane proteins of cultures with a void vector (pBov without insert). The cultures expressing the 64 kDa protein yielded the expected absorption peak at 450 nm, whereas the extracts from control cultures did not. Quantification of P450 by CO difference spectroscopy indicated that the CHAPS detergent solubilized 85% of the P450 detectable by spectral analysis.
To investigate the possible chloroplast localization of CYP86B1 we have used in vitro import of [ 35 S]CYP86B1 into pea chloroplasts. The results show that CYP86B1 is targeted to and associates with the total membrane fraction of chloroplasts in an ATP-independent manner (Fig. 3a) . Furthermore, the putative transit peptide of CYP86B1 does not undergo detectable processing (Fig. 3a) before insertion into the envelope membrane. Hence CYP86B1 may be utilizing both a noncleavable targeting signal and the ATP-independent "OM14 pathway" for targeting to the chloroplastic membrane (Li et al. 1991) . To ensure that CYP86B1 targeting was specific for chloroplasts, C4H (CYP73A5), a P450 known to be present in ER (Benveniste et al. 1977 , Benveniste et al. 1978 , Ro et al. 2001 was used in chloroplastic import assays as a control. In contrast to CYP86B1, which associated with chloroplasts ( Fig. 4a) , CYP73A5 showed no tendency to associate with chloroplasts (Fig. 4b) . In addition, the small subunit of Rubisco (SS), a stromal chloroplastic marker, was shown to be imported and Fig. 2 Carbon monoxide difference spectra of CYP86B1 expressed in E. coli. Membrane fraction and a CHAPS-soluble membrane fraction (as in Fig. 3 ) were isolated from cultures of E. coli carrying pBov:CYP86B1 or control pBov vector. Both crude membrane fractions and proteins solubilized with 1% CHAPS yielded a characteristic peak at 450 nm in CO difference spectra. Cultures of E. coli containing the empty vector did not yield a spectrum with an absorption peak at 450 nm. Spectra were taken using equal amounts of total protein. processed to its mature form confirming the import competency of the chloroplasts used in our experiments (Fig. 4c) . Post-treatment of import assays in Fig. 4 with thermolysin, indicated that CYP86B1 is protease sensitive and is located on the outer chloroplastic envelope facing the cytoplasm (Fig. 4a) . Additional experiments demonstrated that CYP86B1 is not extracted from the envelope membrane by either sodium carbonate or high salt concentration (Fig. 5a) , and shows essentially the same pattern of distribution through these treatments as an authentic chloroplastic integral outer envelope membrane protein, OM14 (Fig. 5b) . Therefore, we conclude from the data presented here that CYP86B1 is targeted to the chloroplastic envelope in an ATP-independent fashion and that the bulk of the protein is orientated toward the cytoplasm. This localization is different from that of most other P450s in eukaryotes that are anchored in the ER membrane with the active site facing the cytoplasm. And interestingly, it is also quite distinct from the localization of CYP74A and CYP74B, the two unique P450s that were recently shown to be targeted in the chloroplast, which are located in the inner chloroplast membrane facing the stroma, and the outer chloroplast membrane facing the space between the two envelope membranes, respectively.
Most eukaryotic P450s are anchored in the endoplasmic reticulum (ER) membrane by a hydrophobic domain in their Nterminus (Sakaguchi et al. 1987 ). There are, however, a few mitochondrial P450s in animal cells, which are anchored to the inner mitochondrial membrane (Guzov et al. 1998 ). There are currently no reports of plant P450s localized in mitochondria. Many nuclear encoded proteins that are targeted for mitochondria or plastids have a signal peptide or targeting sequence at their N-terminus. These sequences are required for translocation across the organelle envelopes (von Heinje et al. 1989, Gray and Row 1995) , and may be cleaved after the protein were incubated with isolated pea chloroplasts for 30 min. Intact chloroplasts were recovered by centrifugation through a Percoll cushion. Chloroplasts were lysed and a total membrane fraction was isolated. Total membranes were extracted with buffer (lanes 1 and 2), NaCl (lanes 3 and 4), sodium carbonate (lanes 5 and 6) or solubilized with Triton X-100 (lanes 7 and 8). Extracted reactions were centrifuged at 100,000´g to recover a total membranes and fractions were analyzed as in Fig. 3 and 4. (25) enters the organelle. Although there is no consensus sequence for a chloroplast targeting sequence, the most common feature is a high percentage of serine/threonine residues. The targeting domains, extending up to 40 or 80 amino acids long, often contain 20% or more serine/threonine. This correlation is so high that most chloroplast-targeted proteins can be differentiated from mitochondrial-targeted proteins based solely on serine/threonine content (von Heinje et al. 1989) . Table 1 compares the N-terminal peptide sequences of CYP86B1 with an ER-localized P450, C4H (CYP73A5), the closely related CYP 86A1, two chloroplast stroma-targeted enzymes and AOS (CYP74A), the highly unusual P450 which has recently been localized in the envelope membrane of chloroplasts (Froehlich et al. 2001 The presence of the predicted transit peptide and cleavage site suggests that CYP86B1 would be imported into the chloroplast and processed to remove the transit peptide. However, our data show that it resides in the outer membrane facing the cytoplasm, and does not appear to have been processed. Although CYP86B1 gives the same profile as OM14 in import studies, OM14 does not have a transit peptide. CYP86B1 may be utilizing a non-cleavable targeting signal that directs it to the outer envelope, similar to COM 70 (Ko et al. 1992, Wu and Ko 1993) and HPL (Froehlich et al. 2001) , which both employ an apparent non-cleavable targeting signal for their insertion into the outer envelope. Hence the targeting pathway for CYB86B1 may be a modified version of the "OM14 pathway" (Li et al. 1991) . In this pathway, the putative targeting signal of CYP86B1 may briefly associate with the chloroplastic translocation complex (see Keegstra and Froehlich 1999) before it inserts into the outer envelope membrane unlike OM14 which does not require surface exposed receptors for targeting and insertion (Li et al. 1991 ). CYP86B1's brief encounter with the import apparatus may slow its translocation sufficiently enough to allow the two transmembrane regions at the N-terminus of CYP86B1 to insert into the lipid bilayer. Such a targeting pathway is similar to the "stop transfer" mechanism utilized by some mitochondrial outer membrane proteins for their insertion (Hartl and Neupert 1990, High and Dobberstein 1992) . Additional experiments will be required to elucidate certain elements of the CYP86B1 targeting pathway.
In order for a "typical" P450 to function in monooxygenase reactions, a mechanism for receiving electrons to reduce the P450 must be present. The reduction of P450-dependent monooxygenases is accomplished in ER through an NADPHdependent cytochrome P450 reductase. CYP86B1, positioned in the outer chloroplast envelope is not in a likely position to receive electrons from the ER reductase, so another mechanism for reduction may be present for biological functioning. It is interesting to note that Arabidopsis has two identified P450 reductases, ATR1 and ATR2 (Urban et al. 1997, Mizutani and Ohta 1998) . Both seem to be equally capable of reducing C4H in a yeast expression system and a baculovirus expression in a reconstitution system, respectively. ATR2 also has a serine/ threonine-rich region in its N-terminus (25% of 40 residues), and it was suggested earlier that ATR2 might be targeted to the chloroplasts (Urban et al. 1997) . The comparable region in ATR1 contains only 8% serine/threonine. The sequence of a third putative P450 reductase was recently deposited in GenBank (accession AC009755.7). The N-terminal sequence of this form has only 5% serine/threonine. Two or more reductase isoforms have also been reported in Jerusalem artichoke (Lesot et al. 1990 ), parsley (Koopman and Hahlbrock 1997) , and Catharanthus roseus (Meijer et al. 1993) .
As noted in the introduction, AOS and HPL appear to be unique among the superfamily of P450s because they do not require oxygen binding, or an electron transport system. The sequence identity of the CYP74 family with other P450s is as low as 12%. This can be compared to an identity of about 45% between CYP86B1 and CYP86A1, a microsomal fatty acid hydroxylase . Indeed, in the case of HPL (CYP74B) even the heme-binding motif, the most conserved region of P450s, is reduced to the single cysteine moiety. For these reasons Kahn and Durst (2000) found this family to be quite distinct from the others in their P450 phylogenies, regardless of the method used (distance, parsimony, maximum likelihood). The localization of CYP74A and CYP74B in chloroplasts therefore, would not necessarily suggest that other P450s are similarly located.
The results provided here confirm that the gene identified as MKD15.5 by sequence analysis does encode a cytochrome P450 (CYP86B1). The cDNA obtained from Arabidopsis has been cloned and expressed in E. coli. The CYP86B1 protein isolated from E. coli exhibits a carbon monoxide difference spectrum that is typical of cytochromes P450. In vitro import assays with pea chloroplasts have shown this location and determined further that the N-terminus of this protein is imbedded in the outer envelope with most of the protein exposed to the cytoplasm. This is the first direct evidence for chloroplast localization of a cytochrome P450-dependent monooxygenase. Furthermore, while CYP86B1 is in the outer membrane facing outward toward the cytoplasm, CYP74B is in the outer membrane facing inward toward the space between the two envelope membranes, and CYP74A is in the inner membrane facing the stroma.
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